associated with Aβ cytotoxicity attenuation. We suggest that confinement itself imparts a Introduction 31 Alzheimer's disease (AD) is the most common form of dementia [1] , and is associated with 32 the accumulation of amyloid-β (Aβ), a protein whose aggregation is associated with neurotoxicity 33 [2] . There is still debate over the exact size and structure of the most toxic Aβ species, but it is 34 widely held that small oligomers that lack β-sheet structure are more toxic than assembled β- 35 sheet fibrils [3] [4] [5] [6] [7] . Since the first genetic connection between Aβ and early-onset AD, 36 investigators have targeted Aβ as a potential therapeutic strategy [8] [9] [10] . Many anti-Aβ antibody 37 drugs (e.g., aducanumab, solanezumab, crenezumab, gantenerumab) have had promising 38 preclinical results; however, all have failed to show a significant clinical benefit [11] [12] [13] . 39 40 We have previously demonstrated that Aβ cytotoxicity was attenuated in 3D type I 41 collagen hydrogels as compared to in 2D culture in which significant cell death occurred [14] . We 42 suggested that in collagen hydrogels, a) the structural equilibrium of Aβ is shifted to favor larger 43 β-sheet aggregates in contrast to in solution where the smaller oligomeric Aβ species persisted 44 and b) that this shift in distribution of Aβ structures may have led to the stabilization of larger, 45 less toxic fibril species compared to the species observed in solution. Confinement excludes the 46 locally-available solvent, which promotes a more compact peptide/protein structure. 47 Confinement also increases local protein concentration, promoting protein-protein interactions. 48 This finding challenges the choice of 2D culture for investigations of Aβ cytotoxicity. Yet, only a 49 few 3D gel-based models of AD have been published to date, all using the gel matrix Matrigel® 50 (Corning) [15] [16] [17] . Matrigel® is composed of basement membrane extracellular matrix (ECM) 51 molecules (60% laminin, 30% collagen IV, and 8% entactin) and is also commonly used to 52 investigate stem cell differentiation [18] [19] [20] [21] [22] . 53 
54
A second possible explanation of our previous results is that 3D culture in a collagen 55 hydrogel results in changes in cell signaling, phenotype, or potentially the expression or function 56 of receptors available for Aβ interaction, resulting in attenuated toxicity. In support of this 57 explanation, it is known that epigenetic changes occur in 3D culture that influence cellular 58 phenotype [23] [24] . Further, in comparison to 2D culture, cell morphologies of neuronal cells 59 grown in 3D culture are strikingly similar to those expressed in vivo [25] [26] [27] [28] [29] . Finally, there have 60 been numerous reports of cell surface receptors that bind Aβ, with the numbers of candidate 61 receptors totaling 30 or more [30] . Thus, it is possible that the attenuation of Aβ cytotoxicity 62 4 observed in 3D collagen may be unrelated to Aβ structural changes, but instead, be related to 63 cellular responses that are altered due to 3D culture or the presence of collagen. 64 65 Figure 1 Properties of four 3D hydrogels. 66 Four biomaterials were used as hydrogels to encapsulate PC12 cells and Aβ based on their 67 biophysical properties. Collagen is biologically active with a mesh size ~ 10 µm. Agarose is an inert 68 polysaccharide with a mesh size ~ 800 nm. HA is a biologically active glycosaminoglycan modified 69 with maleimide groups and crosslinked with PEG dithiol with a mesh size ~ 200 nm. PEG is an inert 70 polymer crosslinking a 4-arm PEG maleimide with a PEG dithiol with a mesh size ~ 10 nm. 71 72 In this work, we investigated the extent to which of this Aβ confinement effect also occurs 73 in other 3D hydrogels that vary in biomaterial physiochemical properties (e.g., mesh size, 74 chemical composition, and biological activity). In this work, we studied Aβ structure, aggregation, 75 and toxicity in hydrogels primarily composed of type I collagen, low melting temperature agarose, 76 hyaluronic acid (HA), or polyethylene glycol (PEG) ( Figure 1 ). In choosing these gel types, we were 77 less concerned with specific biological relevance to brain tissue, rather focusing on gels that vary 78 greatly in mesh size, the potential to alter cell phenotype, and the potential to interact with one 79 or more of the many suspected Aβ cell surface receptors [30] . We excluded laminin and laminin- 80 containing materials (such as Matrigel®) from these studies because of laminin's high affinity for 81 Aβ and its potent inhibition of fibril formation [31] Indeed, in our early experiments, we noted 82 that Aβ did not aggregate in gels containing laminin (data not shown). The work described herein examines Aβ aggregation and cytotoxicity in four hydrogels 114 that are commonly selected for applications that involve encapsulated cells ( Figure 1 ). We were 115 particularly interested in collagen, agarose, HA and PEG gels because they have mesh sizes 116 varying from ~10's of nm to ~10's of µm. These mesh sizes were hypothesized to impart confined 117 microenvironments on Aβ that are relevant to the sizes of Aβ structures, from 118 monomers/oligomers to fibrils. We were also interested in these hydrogels given their range of 119 physiochemical properties and potential to interact with cells. 
Results and Discussion

123
In our earlier work, we observed that Aβ aggregation kinetics varied between the contexts 124 of a solution and a 3D collagen hydrogel and that the variations in Aβ aggregation were 125 associated with differences in cytotoxicity between those two contexts. We suggested that the 126 altered Aβ aggregation in the collagen gel was due to confinement within the gel structure, which 127 imparts a shift in the equilibrium Aβ species quickly to larger aggregates vs. the prolonged 128 presence of oligomers in the solution of a 2D culture. Herein, we further explore this Aβ 129 confinement effect in four hydrogel types that vary in mesh size with size scales relevant to Aβ 130 structures, from monomers/oligomers to fibrils. Because cell-collagen-Aβ interactions may be 131 related to the observed attenuated cytotoxicity, we were also interested in these hydrogels given 132 their range of physiochemical properties and potential to interact with cells. 133 
Results
134
ThT fluorescence as a measure of Aβ aggregation kinetics 135 To examine the impact of different 3D environments of Aβ aggregation, we used the ThT 136 assay to identify the presence of β-sheet Aβ aggregates in solution compared to in collagen, 137 agarose, HA, and PEG hydrogels. We report the viability data in two ways. In this section of the text, we report the cell 236 viability percentages for each condition. Then to provide an alternative perspective for 237 interpreting the results, in Figure 5 , we show the same data when normalized by the respective 238 untreated condition ( Figure 5 ). The percent of viable cells cultured in 2D with Aβ decreased 239 greatly by 24 hrs (49% viability; p-value 0.004), and then at 48 hrs and 72 hrs, the cell viability 240 was further reduced to 16% (p-value <0.001) and 12% (p-value <0.001), respectively [14] . The 241 type of 3D hydrogel did not affect cell viability, yet differences between the viability of Aβ-treated 242 cells in 3D hydrogels vs. 2D culture at 48 hrs and 72 hrs are significant (p-value <0.001). In other words, for all hydrogels, a type 1 curve was never observed, but instead displayed trend 315 2, 3, or 4 with some differences in magnitude depending on Aβ lot and random variation. Figure   316 2 depicts the most common curves observed for each hydrogel type: collagen shows trend 2, 317 agarose shows trend 3, HA shows trend 3, and PEG shows trend 4. These trends are consistent 318 with the idea that Aβ is confined in a hydrogel: PEG hydrogels have the smallest mesh size (~20 319 nm) and show the fastest Aβ aggregation, collagen hydrogels have the largest mesh size (~10 µm) 320 and show Aβ aggregation occurring at a slower rate than in PEG gels, yet faster than in solution. 321 322 We expected that given the differences in the Aβ aggregation rate and size distribution 323 observed in the four hydrogel types, coupled with differences in hydrogel bioactivity, that Aβ 324 cytotoxicity would vary with the particular hydrogel type, but all hydrogels would be associated 325 with lower cytotoxicity than that observed in solution. To our surprise, despite quantitative We acknowledge that Aβ aggregation also may be influenced by properties of the 336 hydrogels (e.g., charge, hydrophilicity) that were not evaluated herein. Also, we cannot rule out 337 that the attenuation of Aβ toxicity in hydrogels is influenced by confinement of the cells 338 themselves or effects from the stiffness of the cellular microenvironment. However, we hold that 339 these possibilities are unlikely given the evidence that 3D culture allows cells to more closely Stated more generally, we report that protein-protein interactions are altered in confined 362 microenvironments. We suggest that this phenomenon may also relate to protein confinement 363 as it occurs intracellularly and in vivo. Therefore, any field of research investigating protein 364 structure and function in contexts relevant to those that exist in vivo should consider the 365 potential impact of protein confinement by the local microenvironment. 
